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Description

Background of the invention

This invention relates to nuclear magnetic
resonance {(NMR} imaging methods. More speci-
fically, the invention relates to improved NMR
imaging methods which overcome undesirable
effects of inherent static magnetic field
inhomogeneity and minimize radio frequency
(RF) power requirements.

The nuclear magnetic resonance phenomenon
occurs in atomic nuclei having an odd number of
protons and/or neutrons. Each such nucleus has a
net magnetic moment such that when placed in a
static homogeneous magnetic field, B,, a greater
number of nuclei align with the B, field to create a
net magnetization, M, in the direction of the field.
Net magnetization M is the summation of the
individual nuclear magnetic moments. Because a
nuclear magnetic moment is the result of a
nuclear spin, the terms “nuclear moment” and
“nuclear spin” as used herein are synonymous.

Under the influence of the magnetic field B,, the
nuclei {and hence the net magnetization M)
precess or rotate about the axis of the field. The
rate (frequency) at which the nuclei precess is
dependent on the strength of the applied
magnetic field and on the nuclei characteristics.
The angular frequency of precession, w, is defined
as the Larmor frequency and is given by the
equation

w=yB, (1)

in which v is the gyromagnetic ratio (constant for
each type of nucleus) and B, is the strength of the
applied static homogeneous magnetic field. The
frequency at which the nuclei precess is thus
primarily dependent on the strength of the
magnetic field B,, and increases with increasing
field strength.

A precessing nucleus is capable of absorbing
electromagnetic energy. The frequency of the
electromagnetic energy needed to induce
resonance is the same as the precession
frequency w. During the application of the electro-
magnetic energy, typically a radio frequency
pulse, the net magnetization M precesses further
and further away from the z-axis (arbitrarily
assumed to be the direction of the B, field),
depending on the energy and duration of the RF
pulse. A 90° RF pulse causes the magnetization M
to depart 90° from the direction of the B, field into
the x-y plane defined by the x- and y-axis, for
example, of the Cartesian coordinate system.
Similarly, a 180° RF pulse causes the magnetiza-
tion M to reverse direction by 180° from its
original direction (from the positive z-axis direc-
tion to negative z-axis direction, for example).
Following the excitation of the nuclei with RF
energy, the absorbed energy is re-radiated as an
NMR signal as the nuclei return to equilibrium.
The energy is emitted as radio waves and also
transferred to surrounding molecules.

it is possible to distinguish NMR signals arising
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from different spatial positions in the sample
based on their respective resonant frequencies. If
one or more magnetic field gradients of sufficient
strength to spread out the NMR signal spectrum
are applied to the sample, each nuclear spin along
the direction of the gradient experiences different
magnetic field strength and hence resonates at a
frequency different from that of other nuclear
spins, as predicted by equation (1). Spatial posi-
tions of the NMR signals are determined by
Fourier analysis and knowiedge of the configura-
tion of the applied magnetic field gradient.

The return of the nuclear spins to equilibrium
following RF excitation is referred to as “‘relaxa-
tion’’. The relaxation process is characterized by
two time constants, Ty and T,, both of which are
measures of molecular level motion. The spatial
distribution of Ty and T, throughout the sample
provides useful imaging parameters in addition to
the density of nuclear moments or spins.

T, Is referred to as the “longitudinal” or “spin-
lattice’” NMR relaxation time and is a measure of
the return of magnetization to equilibrium; i.e.,
the tendency of the nuciear spins to realign with
the field B, after cessation of RF excitation. The
rate of return to equilibrium is dependent on how
fast energy can be transferred to surrounding
material (lattice). T; can vary from a few
milliseconds in liquids to minutes or hours in
solids. In biological tissue, the typical range is
from about 30 milliseconds to 3 seconds.

T,, the transverse relaxation time or “spin-spin”’
relaxation time, is a measure of how long excited
nuclear spins oscillate in phase. After a RF pulse,
the nuciear spins are in phase and precess
together. Each nuclear spin behaves like a magnet
which generates a magnetic field that affects
other spinning nuclei in its vicinity (spin-spin
interaction). As each nuclear moment thus
experiences slightly different magnetic fields, it
precesses at a different rate and dephases with
respect to the other spins, reducing the observed
NMR signal. T, can vary from a few microseconds
in solids to seconds in liquids and is always less
than or equal to T4. In biological tissue the range
is about 5 milliseconds to 3 seconds.

If the static magnetic field B, itself has inherent
inhomogeneities (as is often the case in practical
magnets), these produce additional dephasing
which hasten the decay of the NMR signal. This is
because nuclear spins in different spatial posi-
tions are exposed to slightly different magnetic
field values and hence resonate at slightly
different frequencies. This new relaxation time,
which includes the effects of magnet
inhomogeneities, is designated T,* (T, star),
where T,*=T,.

Free induction decay {FID) and the spin-echo
are among the methods by which the NMR signal
may be observed.

In FID, the nuciear spins are irradiated with a RF
pulse (90°, for example). Upon termination of the
RF pulse, the spins produce an RF magnetic field
as they precess. The NMR signal is observable as
long as the nuclear spins precess in phase. The

a
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signal decays as the spins dephase and the decay
curve is called the FID. If the B, static magnetic
field is perfectly homogeneous, the decay curve is
exponential with time constant T,. Otherwise the
decay is measured by T,* which is apparatus
dependent and not representative of the true T,
relaxation time of the sample. Under these
circumstances, FID is not an acceptable method of
measuring T,.

In the spin-echo method the nuclear spins are
first subjected to a 90° RF puise, as in FID, and
then to a 180° RF pulse which creates the spin
echo. Following the 90° RF puise, the nuclear
spins precess in phase but quickly get out of
phase due to inhomogeneities in the static
magnetic field B,, as in FID. This loss of coherence
can be reversed by the application of a 180° RF
pulse which reverses in the direction of diverging
spins and results in a “spin echo’”. The initial
curve of the spin echo signal is a mirror image of
the original FiD signal as the nuclear spins regain
coherence. The second portion of the curve
duplicates the original FID signal. The spin echo
has a lower intensity due to irreversible losses
attributable to the T, relaxation process. The
decay in the height of a series of such echoes can
be used to calculate the T..

The NMR imaging pulse sequences in
accordance with the present invention overcome
the T,* effects caused by the inhomogeneities of
the static magnetic field used in NMR imaging
systems. Also, because the imaging gradients are
turned off during the RF pulse, long RF pulse
lengths can be used, thus reducing RF power
requirements.

Summary of the invention

The present invention relates to a method for
NMR image formation which overcomes the
effects of inherent static magnetic field inhomo-
geneity on spin echo formation. A static magnetic
field is maintained along a first axis of a sample to
be imaged. Nuclear spins within a predetermined
region of the sample are excited by irradiation
with a frequency selective RF pulse. Then, for a
first predetermined time interval, at least one
dephasing magnetic field gradient is applied
along a second axis of the sampie to dephase the
excited nuclear spins. The dephasing of the
nuclear spins by the magnetic field gradient is
additional to the dephasing due to inherent
inhomogeneities in the static magnetic field. After
a predetermined elapsed time interval T,
subsequent to the application of the frequency
selective RF puise, during a second time interval,
the sample is irradiated with a 180° RF pulse so as
to initiate the rephasing of the nuclear spins.
During a third predetermined time interval
subsequent to the second time interval, at least
one rephasing gradient having the same direction
as the dephasing gradient is applied such that, at
an interval of time equal to said interval T,
foliowing the 180° RF pulse, the nuclear spin echo
caused by the rephasing of nuclear spins
dephased by the dephasing gradient coincides
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with the occurrence of the nuclear spin echo
derived from the rephasing of the nuclear spins
dephased by the inherent inhomogeneities in the
static magnetic field. The coinciding nuclear spin
echoes produce a single composite NMR signal
which is then collected.

It is an object of the invention to provide an
NMR imaging puilse sequence which overcomes
T,* effects in an inhomogeneous static magnetic
field.

It is another object of the invention to provide
specific application of the predetermined planar
pulse sequences to planar imaging methods such
as two-dimensional Fourier transform (spin warp)
imaging and multiple angle projection imaging.

It is a further object of the invention to use
pulsed magnetic field gradients to reduce RF
power requirements for the echo-producing 180°
RF pulse.

It is still another object of the invention to
provide NMR pulse sequences suitable for
obtaining NMR imaging information of the spatial
distribution of T, and T, throughout the sample.

Brief description of the drawings

The features of the invention believed to be
novel are set forth with particularity in the
appended claims. The invention itself, however,
both as to its organization and method of opera-
tion, together with further objects and advantages
thereof, may best be understood by reference to
the following description taken in conjunction
with the accompanying drawings in which:

Fig. 1 illustrates an object situated in a static
magnetic field and having a planar volume
defined therein by selective excitation.

Fig. 2 depicts a conventional. NMR pulse
sequence used in the multiple angle projection
reconstruction imaging method.

Fig. 3 illustrates an alternative conventional
NMR pulse sequence used in multiple angle
projection reconstruction in which a negative
imaging gradient in the x direction is applied to
produce a spin echo.

Fig. 4 depicts another conventional NMR pulse
sequence used in the spin warp imaging method.

Fig. 5a schematically illustrates a.column of
spins aligned in the y direction in the planar
volume depicted in Fig. 1.

Fig. 5b schematically illustrates the phase
changes resulting from the application of the
phase encoding gradient.

Fig. 6 illustrates the NMR pulse sequence of the
invention as used in multiple angle projection
reconstruction imaging.

Fig. 7 illustrates the NMR pulse sequence of the
invention as used in the spin warp imaging
method.

Fig. 8 depicts an NMR pulse sequence
employed in the invention for obtaining informa-
tion about the spatial distribution of T, relaxation
time in conjunction with the pulse sequence
depicted in Fig. 6. .

Fig. 9 depicts an NMR puise sequence
employed in the invention for obtaining informa-
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tion about the spatial distribution of T, relaxation
time in conjunction with the pulse sequence
depicted in Fig. 7.

Fig. 10 illustrates a simplified block diagram of
the major components of an NMR imaging
apparatus suitable for use with the NMR pulse
sequences employed with the invention.

Fig. 11aillustrates an RF coil design for use with
geometries for which the sample chamber is
perpendicular to the static magnetic field.

Figs. 11b and 11c¢ illustrate an RF coil design
suitable for magnetic geometries for which the
axis of the sample diameter is parallel to the static
magnetic field.

Fig. 12a illustrates two sets of coils suitable for
producing G, and G, gradients.

Fig. 12b depicts a coil configuration suitable for
producing a G, gradient.

Detailed description of the invention

Figs. 2, 3 and 4 illustrate NMR imaging pulse
sequences for determining nuclear spin density in
a planar volume and in comparison to which the
advance of the present invention may be best
appreciated. Figs. 2 and 3 illustrate NMR pulse
sequences used in multiple angle projection
reconstruction, while Fig. 4 depicts a pulse
sequence employed in spin warp imaging. Spin
warp imaging is a specific example of the
two-dimensional Fourier transform imaging
method.

The muitiple angle projection reconstruction
imaging method, which will be best understood
with reference to Figs. 1 and 2, is a planar method
and therefore requires that the data collecting
process be localized to a thin planar slab (termed
the imaging plane) in the object of interest.
Selection of the thin planar slab is accomplished
by a technique known as selective excitation. Fig.
1 depicts a sample 100 positioned in a static
homogeneous magnetic field B, directed in the
positive z-axis direction of a conventional
Cartesian coordinate system. The z-axis is
selected to be coincident with cylindrical axis 104
of the sample. The origin of the coordinate
system is taken to be the center of the sample,
which is also at the center of the thin planar slab
or imaging volume Az. Magnetic field B, is
applied during the entire NMR experiment and
accordingly is omitted from all of the figures
depicting NMR pulse sequences.

To produce spatial localization of the NMR
signal, it is necessary to apply gradient magnetic
fields in addition to the main magnetic field B..
Typically, three such gradients are necessary:

G,(t)=8B/ax (2}
G,(t)=0B,/ay (3)
G, ({t)=08B /0z (4)

The G,, G, and G, gradients are constant through-
out the imaging volume Az, (Fig. 1), but their
magnitudes are typically time dependent. The
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magnetic fields associated with the gradients are
denoted, respectively, b,, b,, and b, wherein

b,=G,(t)x (5)
b,=G,(tly (6)
b,=G,(t)z {7)

within the imaging volume. The RF magnetic field
pulses are applied in the x-y plane; e.g., along the
x-axis.

Selection of the planar volume of nuclear spins
is accomplished during interval g, by the applica-
tion of a magnetic field gradient G, as shown in
Fig. 2. Thus, object 100 is subjected to a total
magnetic field in the z axis direction composed of
magnetic field gradient G, and static magnetic
field B,.

While object 100 is subjected to the magnetic
field gradient G, during interval qy, it is irradiated
with a selective 90° RF pulse. The RF pulse
contains a limited band of frequencies selected to
excite nuclear spins only in the thin planar slab,
Az (Fig. 1), of object 100 in which the magnetic
field strength is as predicted by the Larmor
equation. The Larmor equation predicts that the
resonant frequency of the nuclear spins is
dependent on the magnetic field strength to
which the nuclear spins are exposed. Nuclear
spins outside the thin planar slab Az remain
substantially unaffected by the RF pulse. The
“selective’’ nature of the 90° RF pulse is thus
apparent.

At the end of the interval q;, nuclear spins in the
thin planar slab Az have been reoriented {nutated)
into the x-y plane. Although the nutated spins
precess at the same frequency, they are out of
phase with one another due to the dephasing
effects of G, during the second half of interval q,.
The nuclear spins can be rephased by the applica-
tion in interval g, of a negative G, gradient. The
positive and negative G, gradients are selected
such that:

[dtG,=—1/2 [dtG, @
qdz dq

in which

I
91

is the integral of the waveform of gradient G, over
interval q, and

I

Q2

is the integral of the waveform of gradient G, over
interval q,.

The data are collected during interval gqs; by
observing the FID signal in the presence of
simultaneously applied varying magnetic field
gradients G, and G, directed in the x- and y-axis
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directions, respectively. The magnitudes of the
magnetic field gradients G, and G, vary in
sinusoidal fashion in interval q; and may be
described as:

G,=g cos 6 (9)
G,=g sin 8 (10

in which 8 is the angle of a single projection
during interval q; and g is a constant. The FID is
thus observed in the presence of a magnetic field
gradient which is the sum of G, and G, gradient
fields. The G, and G, field gradients add
vectorially to produce a resultant radial gradient
in the imaging plane at angle 8. Spatial informa-
tion from the entire plane is encoded in the
direction of the radial gradient. In order to obtain
sufficient information to image the entire plane,
multiple projections are obtained by changing
projection angle 8 at, for example, 1° intervals to
collect spatial data from 180 projections in a 180°
arc. Fourier transformation of the signal corres-
ponding to each projection provides the spatial
distribution of the NMR signal in that direction.
The image is reconstructed from all of the
projections using a known  computer
reconstruction algorithm.

In accordance with the technique of multiple
angle projection reconstruction, the FID signal is
read out in the presence of gradients so as to
obtain useful information of spatial spin distri-
bution. In order to do this, information must be
gathered immediately at the end of the negative
rephasing G, puise in interval g,. However,
application of the read-out G, and G, gradient
magnetic fields is a problem. Even if the read-out
gradient magnetic fields are applied abruptly,
there will be a finite time period when the exact
resulting gradient is transient and does not satisfy
equations (9) and (10). Thus, during this period
spatial information is badly distorted and the
NMR signal cannot be normally be used. A known
way to overcome this problem is to apply the G,
and G, magnetic field gradients, as shown in Fig.
2, and sample at unequal time intervals At. The
time intervals At are chosen so that at any time t;
during interval q,, the product At -Glt) is
constant.

An alternative to sampling at different rates is
to apply negative G, and G, gradients during
period g,, as shown in Fig. 3, to delay the FID
signal and to obtain a form of spin echo. The
effect of the negative G, and G, gradients is to
dephase the spins. The positive G, and G,
gradients reverse the direction of the spin
dephasing, so that the spins again rephase and
produce an echo signal which can be observed in
the period that the resulting radial gradient is
constant. However, the deleterious dephasing
effect due to inherent inhomogeneities in the B,
field is not reversed in this scheme. This
represents a loss in spatial spin distribution
information and signal intensity. This problem is
overcome by the present invention.
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-transformation of the projections.

It is advantageous to consider a second NMR
pulse imaging sequence, known as spin-warp
imaging, in order to further illustrate the
advantages of the present invention. Reference is
now made to Fig. 4 which illustrates the spin-
warp NMR pulse sequence. A thin planar slab of
spins, orthogonal to the z-axis, is selected by the
selective excitation technique as described
previously and the spins reoriented by 90° as
described. Following the 90° RF pulse, a negative
G, gradient is applied to rephase the spins. During
time interval q,, a negative G, gradient magnetic
field can also be applied to delay the occurrence
of the NMR signal.

A phase encoding programmable amplitude
gradient G, in the Y-axis direction is used during
interval g, to encode phase information by
introducing a twist in the spins in the Y-axis
direction by a multiple of 2. Fig. 1 illustrates the
selected thin planar slab Az orthogonal to the
z-axis. Fig. ba shows the profile of spins before
the application of the phase encoding gradient G,.
Foliowing the application of the first G, gradient,
the spins are twisted into a one-turn helix as
shown in Fig. 6b. The spatial information encoded
by the different phases of the spins is read out by
the application during interval q; (Fig. 4) of a G,
gradient which causes spins at different x posi-
tions to precess at different frequencies, enabling
the separation of signals in each x position. This is
essentially a projection of the information onto
the x-axis. The entire pulse sequence is repeated
for different values of Gy which twist the spins
into different multi-turned helices. Each
projection contains different information because
of the different G, phase encoding gradients used.
This is shown in Fig. 4 by the dashed lines
indicating sequential application of different G,
encoding gradients. The complete planarimage is
reconstructed by a two-dimensional Fourier

As in the aforedescribed multiple angle projec-
tion reconstruction imaging method, the negative
lobe of the G, gradient does not reverse the
dephasing of nuclear spins due to the inherent
magnetic field inhomogeneity, resulting in a loss
in NMR signal intensity.

The pulse sequence of the invention for NMR
imaging by multiple angle projection reconstruc-
tion will now be described with reference to Fig. 6.
A thin planar slab of spins perpendicular to the
z-axis is defined by the selective excitation
method previously described. Briefly, a narrow
frequency band 90° RF pulse is applied during
period g, in the presence of a positive gradient G,.
The RF pulse could, for example, be in the form of
a Gaussian amplitude modulated RF carrier as
shown in Fig. 6, in which case the thin planar
region Az {of Fig. 1) would have a Gaussian
profile. The RF pulse could be also taken the form
of a carrier modulated by (sin bt)/bt, in which t is
time and b is a constant. In the latter case the
thickness profile of the selected plane section
would be approximately rectangular. In interval
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d,, a negative G, lobe is applied to rephase the
spins excited in interval q;. The negative G,
gradient pulse is identical to that used in the
aforedescribed  muitipie  angle  projection
reconstruction.

In interval q, dephasing gradients G, and G, are
applied in the x- and y-coordinate directions,
respectively. The application of G; and G,
gradients in period q, is followed by a short
waiting period of typically between about 0.1 and
1 milliseconds to allow the currents in the
gradient windings to subside. Following the
waiting period, a 180° nonselective inverting RF
pulse is applied to the sample during interval qs.
During intervai q,, the NMR signal is read out in
the presence of rephasing G, and G, gradients,
the amplitudes of which vary according to cos 8
and sin 8, respectively. An example of duration {in
milliseconds) of the various pulses in the NMR
pulse sequence is shown along the horizontal axis
in Fig. 6. The NMR pulse sequence shown in Fig. 6
is repeated (at 1° intervals, for example) for new
values of 8 to cover at least a 180° arc in the
imaging plane, where 8 is the angle of the
particular projection, as described before.

" The detailed sequence is as follows: following

the selective spin excitation and spin rephasing
using a negative G, lobe, the spins are nutated 90°
from the z-axis. Due to inherent inhomogeneities
in static field B,, the spins begin to dephase by the
T,* process, although they precess at the same
frequency. The 180° RF pulse will reverse the
dephasing process so that a spin echo due to the
inherent homogeneity of B, will occur at the end
of a time interval T, (typically 5 milliseconds)
following the irradiation with the 180° RF pulse.
The interval 1, is the time between the mean
application of the 90° RF puilse and the mean

application of the 180° RF pulse as shown in Fig. 6.

The 180° RF pulse will aiso induce a spin echo to
occur from the dephasing and rephasing of the
spins produced by a gradient which is the
resultant of the vectorial addition of the G, and G,
gradients. The time of occurrence of the echo due
to the resultant gradient is dependent on the
degree of the initial dephasing. Thus, in order to

- obtain the optimum spin echo signal, it is
necessary to adjust the magnitude of the G, and
G, gradient dephasing puises applied during
interval g, such that the echo caused by the
resultant rephasing gradient in interval q, also
occurs after the interval of time 1, following the
application of the 180° RF pulse. The use of the
180° RF pulse in combination with the rephasing
gradients results in coincident rephasing of the
spin echo from the applied gradients and the
rephasing of the spin echo from the inhomo-
geneities in the applied field B, to produce a
composite NMR signai.

In order for the two spin echoes to coincide, the
integrals of the G, and G, gradient waveforms in
intervals g, and q, must satisfy the respective
conditions that
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[Gdt= [G,dt {11)
d: s

and
[G,dt= [Gdt. (12)
qz ds

Although magnetic field gradients G, and G, are
depicted in interval q, as positive halves of a
sinusoid, they can be of any shape, provided
equations (11) and (12) are satisfied. For example,
gradients G, and G, could have either a Gaussian
or rectangular configuration.

Fig. 7 illustrates NMR pulse sequences in
accordance with the present invention, as used in
spin-warp imaging. During interval g,, a positive
G, gradient and a selective 90° RF puise having a
Gaussian or {sin bt)/bt profile are used to excite
nuclear spins in a thin planar slab, such as stab Az
in Fig. 1. In interval g,, a negative G, gradient,
related to the positive G, gradient in the manner
stated in equation (8), is applied to rephase the
nuclear spins in planar region Az which were
excited in interval q,.

In the manner previously described with
respect to the spin-warp imaging pulse sequence
(Fig. 4 and Figs. 5a—5b), a phase encoding G,
gradient is applied during interval g, to enable
spatial information in the y direction to be
obtained. In accordance with the pulse sequence
of the invention, however, a positive G, gradient
is also applied during interval g, to dephase
nuclear spins so that a spin echo will occur at the
end of a time interval equal to 21, following the
mean application of the selective 90° RF puise and
not at the end of interval q,.

In interval g, following a short period of time of
between 0.1 and 1 millisecond to allow the
currents in the gradient windings to die down, a
180° nonselective inverting RF pulse is applied to
the sample. During intervals q, and gs a positive
rephasing G, gradient is applied to obtain the
spatial nuclear spin information along the x-axis.
The pulse sequence shown in Fig. 7 is repeated
for n, (n is the number of lines in the image, and
typically is 128 or 256) different values of gradient
G,, as indicated by the dashed lines in intervai q,,
to obtain additional information in the y-axis
direction. A typical timing sequence is indicated
on the horizontal time axis.

The nuclear spin echo due to the inherent
inhomogeneities in the static magnetic field B,
occurs at a time T, after the mean application of
the 180° RF pulse. Time T, is equal to the time
between 90° and 180° RF pulses. The echo due to
the G, rephasing pulse in intervals g, and g5 also
occurs at a time T, after the 180° RF pulse. It is
therefore necessary that

[Gdt= [G,dt {13)
Q2 Qs
in which
I
Q2
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is the integral of the waveform of gradient G, over
interval g, and

J
Qda

is the integral of the waveform of gradient G, over
interval q,. In this manner, a composite nuclear
spin echo signal is produced by the coincidence
of the nuclear spin echo from the applied
gradients and the nuclear spin echo derived from
rephasing of the nuclear spins in the presence of
the inhomogeneities inherent in static magnetic
field B,.

The 180° RF pulse in the respective intervals qs
of Fig. 6 and Fig. 7 used to rephase the nuclear
spins and to generate a nuclear spin echo is
applied when the gradients (G, and G,) are turned
off. This permits the use of long RF pulse lengths,
thus reducing RF power requirements. In
contrast, if the RF pulse is applied with the
imaging gradients turned on (as is done in some
conventional NMR pulse sequences) it must be
extremely short in order to irradiate the entire
range of NMR frequencies generated in the
sample by the gradients. This in turn leads to
excessive pulsed RF power requirements {e.g., on
the order of 5 kilowatts).

The pulse sequences of the invention may be
used to obtain T, and T, relaxation time informa-
tion.

In accordance with a first method for obtaining
T, information, the pulse sequences illustrated in
Figs. 6 and 7 are repeated for each direction of the
resuitant dephasing and rephasing gradients {i.e.,
for each 6) or each amplitude of the phase
encoding gradient (i.e., for each n} at a repetition
period T selected such that T is of the order of T,
of the sample. Repetition period T may be thus
between about 0.03 and about 3 seconds, but
preferably is between about 0.1 and about 1.0
second. This provides for attenuation or
saturation of those T, components of the sample
with longer T, relaxation times relative to the
shorter components. The image produced by
observing the NMR signal reflects the nuclear
spin density and spatial distribution of T, values
as within the sample.

A second technique for obtaining T, informa-
tion is illustrated in Figs. 8 and 9 for multiple
angle projection and spin-warp imaging, respec-
tively. In accordance with this technique, prior to
the commencement of each NMR pulse sequence
of the invention, the sample is irradiated with a
nonselective 180° RF pulse at a mean time T, prior
to the means selective 90° RF pulse. Alternatively,
the 180° RF pulse may be an adiabatic fast
passage. The time T, is selected to be
approximately of the order of T, for the sample.
For example, T, may range between 0.03 and 3
seconds, with 0.3 second being typical for
imaging the human body. The 180° RF pulse
produces inversion of the nuclear magnetic
moments according to their T, values. The
resulting image is an image which reflects the
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spatial distribution of nuclear spin density and T,
values within the sample.

It is also possible to combine the first and
second techniques described above to produce
an NMR image reflecting the spatial distribution
of T, values alone within the sample. In
accordance with this technique, the pulse
sequences illustrated in Figs. 8 and 9 are repeated
for each direction of the dephasing and rephasing
gradients and magnitude of the phase encoding
gradient, respectively, at a repetition period of
between about 0.03 and about 3 seconds or
preferably between about 0.1 and about 1 second.

T, relaxation time may be obtained by adjusting
time T, (Figs. 6 and 7) such that T, is of the order of
T, of the sample. Time 1, may be adjusted
between 2 and 1500 milliseconds with a typical
value being 30 milliseconds. This provides for the
attenuation of the nuclear spin echo according to
T, relaxation time in the sample, thus providing a
T, image. Each of the abovedescribed techniques
used for obtaining T, information may be
combined with this technique for obtaining T,
information. Thus, in Figs. 8 and 9, times T, and
T,, as well as the repetition period between each
pulse sequence for each value of 8 or n may be
varied within the limits set forth above. The
resulting pulse sequences are suitable for
obtaining combined T, and T, imaging informa-
tion simultaneously.

Fig. 10 is a simplified block diagram of the
major components of an NMR imagimg system
suitable for use within the NMR pulse sequences
of the invention described herein. The system,
generally designated 400, is made up of a general
purpose mini-computer 401 which is functionally
coupled to disk storage unit 403 and an interface
unit 405. An RF transmitter 402, signal averager
404, and gradient power supplies 406, 408, and
410 for energizing, respectively, x, y, z gradient
coils 416, 418 and 420, are coupled to computer
401 through interface unit 405.

RF transmitter 402 is gated with pulse
envelopes from computer 401 to generate RF
pulses having the required modulation to excite
resonance in the object under study. The RF
pulses are amplified in RF power amplifier 412 to
levels varying from 100 watts to several kilowatts,
depending on the imaging method, and applied .
to transmitter coil 424. The higher power leveis
are necessary for large sample volumes such as
in whole body imaging, and where short duration
pulses are required to excite large NMR frequency
bandwidths.

The NMR signal is sensed by receiver coil 426,
amplified. in a low noise preamplifier 422, and
applied for further amplification, detection, and
filtering to receiver 414. The signal is then
digitized for averaging by signal averager 404 and
for processing by computer 401. Preamplifier 422
and receiver 414 are protected from the RF pulses
during transmission by active gating or by
passive filtering.

Computer 401 provides gating and envelope
modulation for the NMR pulses, blanking for the
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preamplifier and RF power amplifier, and voitage
waveforms for the gradient power supplies. The
computer also performs data processing such as
Fourier transforms, image reconstruction, data
filtering, imaging display, and storage functions
(all of which are beyond the scope of the present
invention).

The transmitter and receiver RF coils, if desired,
may comprise a single coil. Alternatively, two
separate coils that are electrically orthogonal may
be used. The latter configuration has the
advantage of reduced RF pulse breakthrough into
the receiver during pulse transmission. In both
cases, the coils are orthogonal to the direction of
the static magnetic field B, produced by magnet
428 (Fig. 10). The coils are isolated from the
remainder of the system by enclosure in an RF
shielded cage. Three typical RF coil designs are
illustrated in Figs. 11a, 11b and 11c. All of these
coils produce RF magnetic fields in the x direc-
tion. The coil designs iilustrated in Figs. 11b and
11c are suitable for magnetic geometries for
which the axis of the sample chamber is parallel
to the main field B, (Fig. 1). The design illustrated
in Fig. 11a is applicable to geometries for which
the sampie chamber axis is perpendicular to the
main field B, (not shown).

Magnetic field gradient coils 416, 418 and 420
{Fig. 10} are necessary to provide gradients G,, G,
and G,, respectively. In multiple angle projection
reconstruction and spin-warp methods described
above, the gradients should be monotonic and
linear over the sample volume. Multi-valued
gradient fields cause a degradation in the NMR
signal data, known as aliasing, which leads to
severe image artifacts. Nonlinear gradients cause
geometric distortions of the image. A design for
gradient coils suitable for magnet geometries
with a sampie chamber axis parallel to the main
field B, is depicted in Figs. 12a and 12b. Each of
gradients G, and G, is produced by a set of coils
such as sets 300 and 302 depicted in Fig. 12a. The
coil sets as illustrated in Fig. 12a produce gradient
G,. The coil sets for producing gradient G, are
rotated 90° around the cylindrical axis 104 (Fig. 1}
of the sample chamber relative to the coil that
produces gradient G,. The z gradient is generated
by a coil pair such as coils 400 and 402 shown in
Fig. 12b.

From the foregoing, it will be apparent that the
NMR pulse sequences in accordance with the
present invention overcome the effects of
inherent static magnetic field inhomogeneity on
spin echo formation. The NMR pulse sequence is
used in planar imaging methods such as spin
warp and muitiple angle projection reconstruc-
tion. The NMR puise sequences of the invention
may also be used to obtain spatial distribution
information of the T, and T, relaxation times. The
use of pulsed magnetic field gradients allows a
reduction in RF power requirements for the
echo-producing RF puise.

While this invention has been and described
with reference to particular embodiments and
examples, other modifications and variations will
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occur to those skilled in the art in view of the
above teachings. -

Claims

1. A method for NMR image formation which
overcomes the effects of inherent static magnetic
field inhomogeneity on nuclear spin echo forma-
tion comprising the steps of:

a. maintaining a static magnetic field along a
first axis of a sample;

b. irradiating said sample with a frequency
selective RF pulse so as to excite a plurality of
nuclear spins in a predetermined region within
said sample;

c. applying, for a first predetermined time
interval (q,) at least one dephasing magnetic field
gradient along a second axis of said sample to
dephase said excited nuclear spins, said
dephasing being in addition to nuclear spin
dephasing induced by inherent inhomogeneities
in said static magnetic field;

d. irradiating said sample during a second
predetermined time interval (q,;)} at a predeter-
mined elapsed time interval 1, subsequent the
mean occurrence of said frequency selective RF
pulse, with a 180° RF pulse so as to initiate the
rephasing of said excited nuclear spins;

e. applying during a third predetermined time
interval (q,), subsequent to said second time
interval {(qs), at least one rephasing gradient
having the same direction as said dephasing
gradient such that, at an interval of time equal to
said interval T, following said 180° RF pulse, the
nuclear spin echo caused by rephasing of the
nuclear spins dephased by said dephasing
gradient coincides with the occurrence of the
nuclear spin echo derived from the rephasing of
the nuclear spins dephased by the inherent
inhomogeneities in said static magnetic field, said
nuclear spin echoes producing a composite NMR
signal; and

f. collecting said composite NMR signal.

2. The method of claim 1 wherein said
frequency selective RF pulse comprises a
Gaussian amplifude-modulated carrier.

3. The method claim 1 wherein said frequency
selective RF pulse comprises a carrier modulated
by (sin bt)/bt, wherein b is a constant and tis time.

4, The method of one of claims 1, 2 or 3 wherein
said selective RF pulse comprises a selective 90°
RF puise.

5. The method of claim 4 wherein said
dephasing magnetic field gradient comprises a
rectangularly shaped time dependent pulse.

6. The method of claim 4 wherein said
dephasing magnetic field gradient comprises
one-half of a sinusoid.

7. The method of claim 4 wherein said
dephasing magnetic field gradient comprises a
Gaussian shaped time dependent pulse.

8. The method of claim 1, wherein said pre-
determined region of excited nuclear spins
comprises a thin planar slab.

9. The method of claim 8 wherein said thin
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planar slab is situated orthogonat to said first axis
of said sample.

10. The method of claim 8 or 9 wherein said
dephasing gradient is a resultant dephasing
gradient of the vectorial addition of two consti-
tuent dephasing gradients which are mutually
orthogonal and which are coplanar with said thin
planar slab, said resultant dephasing gradient
having a predetermined direction.

11. The method of claim 10 wherein said
rephasing gradient is a resultant rephasing
gradient of the vectorial addition of two
constituent rephasing gradients which are
mutually orthogonal and which are coplanar with
said thin planar slab, said constituent rephasing
gradients having the same respective directions
within said thin planar slab as said constituent
dephasing gradients, said constituent rephasing
gradients being selected such that said resultant
rephasing gradient has the same predetermined
direction as said resultant dephasing gradient.

12. The method of claim 11 wherein the integral
of the waveform of said resultant dephasing
gradient with respect to time over said first time
interval is selected to be equal to the integral of
the waveform of said resultant rephasing gradient
with respect to time over a time interval equal to
said time interval T,.

13. The method of claim 12 wherein said
resultant rephasing gradient is selected to exhibit
a constant amplitude during the step of collecting
said composite NMR signal.

14. The method of claim 13 further comprising
the step of repeating the sequence of steps a—f
for different directions of said resultant dephasing
and rephasing gradients so as to cover, incre-
mentally, at least a 180° arc within said thin planar
slab.

15. The method of claim 14 further comprising
the steps of repeating for each direction of said
resultant dephasing and rephasing gradients the
sequence of steps a—f at a repetition period of
between 0.03 and 3 seconds.

16. The method of claim 15 wherein said
repetition period is selected to be between about
0.1 and about 1 second.

17. The method of claim 14 further comprising
the step of irradiating said sample with a 180° RF
pulse at about 0.03 and about 3 seconds priar to
step b.

18. The method of claim 17 further comprising
the step of repeating the sequence of steps a—,
including irradiating said sampie with said 180°
RF pulse prior to step b, for each direction of said
resultant dephasing and rephasing gradients at a
repetition period between about 0.03 and about 3
seconds.

19. The method of claim 14 wherein said
predetermined time interval 1T, between said
frequency selective RF pulse in step b and said
180° RF pulse in step d is selected from a range of
between about 2 and about 1500 milliseconds.

20. The method of claim 19 further comprising
the step of repeating said sequence of steps a—f,
including said step of selecting said time interval
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T,, for each direction of said resuitant dephasing
and rephasing gradients at a repetition period of
between about 0.03 and about 3 seconds.

21. The method of claim 19 further comprising
the step of irradiating said sample with a 180° RF
pulse at a time of between about 0.03 and about 3
seconds prior to step b.

22. The method of claim 21 further comprising
the step of repeating the sequence of steps a—f,
including said step of irradiating said sample with
a 180° RF pulse prior to step b, for each direction
of said resultant dephasing and rephasing
gradients at a repetition period of between 0.03
and 3 seconds.

23. The method of claim 8 or 9 wherein said
dephasing gradient is the resultant of the
vectorial addition of first and second mutually
orthogonal gradients which are coplanar with
said thin planar slab, said first gradient being
amplitude-adjustable for phase encoding nuclear
spin information in the direction thereof.

24. The method of claim 23 wherein said
rephasing gradient has the same direction as said
second gradient.

25. The method of claim 24 wherein the integral
of the waveform of said second gradient with
respect to time over said first time interval is
selected to be equal to the integral of the
waveform of said rephasing gradient with respect
to time over a time interval equal to said time
interval T,.

26. The method of claim 25 wherein said
rephasing gradient is selected to have a constant
amplitude during the step of collecting said
composite NMR signal.

27. The method of claim 26 further comprising
the step of repeating the sequence of steps a—f
for a different amplitude of said first gradient.

28. The method of claim 27 further comprising
the step of repeating the sequence of steps a—f
for each ampiitude of said first gradient at a
repetition period of between about 0.3 and about
3 seconds.

29. The method of claim 28 wherein said
repetition period is selected to be between about
0.1 and about 1 second.

30. The method of claim 27 further comprising
the step of irradiating said sample with a 180° RF
puise at a time of between about 0.03 and about 3
seconds prior to step b.

31. The method of claim 30 further comprising
the step of repeating the sequence of steps a—f,
including irradiating said sampie with said 180°
RF pulse prior to step b, for each amplitude of said
first gradient at a repetition period of between
about 0.03 and about 3 seconds.

32. The method of claim 27 wherein said
predetermined time interval 1, between said
frequency selective RF puise in step b and said
180° RF pulise in step d is selected from a range of
between about 2 and about 1500 milliseconds.

33. The method of claim 32 further comprising
the step of repeating said sequence of steps a—*:
including said step of selecting said time interval
T, for each amplitude of said first gradient at a
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repetition period of between about 0.03 and about
3 seconds.

34. The method of claim 32 further comprising
the step of irradiating said sample with a 180° RF
pulse at a time of between about 0.03 and about 3
seconds prior to step b.

35. The method of claim 34 further comprising
the step of repeating the sequence of steps a—,
including said step of irradiating said sample with
a 180° RF pulse prior to step b for each amplitude
of said first gradient at a repetition period of
between 0.03 and 3 seconds.

Patentanspriiche

1. Verfahren zur Magnetkernresonanz-Bilder-
zeugung, das die Wirkungen der inhédrenten
statischen Magnetfeldinhomogenitdt auf die
Kernspinechobildung vermeidet, gekennzeichnet
durch:

a) Aufrechterhaltung eines statischen Magnet-
feldes entlang einer ersten Achse einer Probe,

b) Bestrahlen der Probe mit einem frequenz-
selektiven HF-Impuls, um mehrere Kernspins in
einem vorbestimmten Bereich in der Probe zu
erregern,

c) Anlegen wahrend eines ersten
vorbestimmten Zeitintervalis (q,) von wenigstens
einem phasenverschiebenden Magnetfeld-
gradienten entlang einer zweiten Achse der
Probe, um die Phase der erregten Kernspins zu
verscheiben, wobei die Phasenverschiebung
zusatzlich zu der Kernspinphasenverschiebung
ist, die durch inhdrente Inhomogenitéten in dem
statischen Magnetfeld induziert ist,

d) Bestrahlen der Probe wéhrend eines zweiten
vorbestimmten Zeitintervalls (q;) nach einem
vorbestimmten vergangenen Zeitintervall T, nach
dem durchschnittlichen Auftreten des frequenz-
selektiven HF-Impulses mit einem 180°-HF-
Impuls, um die Phasenangleichung der erregten
Kernspins zu initialisieren,

e) Anlegen wahrend eines dritten
vorbestimmten Zeitintervalls (q;) nach dem
zweiten Zeitintervall (g;) von wenigstens einem
phasenangleichenden Gradienten, der die gleiche
Richtung wie der phasenverschiebende Gradient
hat, so daR bei einem Zeitintervall, das gleich
dem Zeitintervall T, nach dem 180°-HF-Impuls ist,
das Kernspinecho, das durch die Phasen-
angleichung der Kernspins, die durch den
phasenverschiebenden  Gradienten  phasen-
verschoben sind, mit dem Auftreten des Kern-
spinechos zusammenféllt, das aus der Phasen-
angleichung der Kernspins abgeleitet ist, die
durch die inhdrenten Inhomogenitidten in dem
statischen Magnetfeld phasenverschoben sind,
wobei die Kernspinechos ein zusammengesetztes
Magnetkernresonanzsignal erzeugen, und

f)- Sammeln des zusammengesetzten Magnet-
kernresonanzsignais.

2. Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, daB der frequenzselektive HF-Impuls
einen  Gauss'schen  amplitudenmodulierten
Tréger aufweist.
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3. Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, dall der frequenzselektive HF-Impuls
einen Trager aufweist, der durch (sinus bt)/bt
moduliert ist, wobei b eine Konstante und t die
Zeit ist.

4. Verfahren nach Anspruch 1, 2 oder 3, da-
durch gekennzeichnet, dal3 der selektive HF-
Impuls einen selektiven 90°-HF-Impuls aufweist.

5. Verfahren nach Anspruch 4, dadurch gekenn-
zeichnet, dall der phasenverschiebende Magnet-
gradient einen rechteckférmigen, zeitabhéngigen
impuls aufweist.

6. Verfahren nach Anspruch 4, dadurch gekenn-
zeichnet, da® der phasenverschiebende Magnet-
feldgradient die Halfte einer Sinuswelle aufweist.

7. Verfahren nach Anspruch 4, dadurch gekenn-
zeichnet, daf? der phasenverschiebende Magnet-
feldgradient einen Gauss’schen, zeitabhdngigen
Impuls aufweist.

8. Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, daf3 der vorbestimmte Bereich der
erregten Kernspins eine diinne ebene Scheibe
aufweist.

9. Verfahren nach Anspruch 8, dadurch gekenn-
zeichnet, daf} die dinne ebene Scheibe senkrecht
zur ersten Achse der Probe angeordnet ist.

10. Verfahren nach Anspruch 8 oder 9, da-
durch gekennzeichnet, dall der phasenverschieb-
ende Gradient ein resultierender phasen-
verschiebender Gradient der vektoriellen Addi-
tion von zwei zusammengesetzten phasenver-
schiebenden Gradienten ist, die aufeinander
senkrecht stehen und die coplanar mit der
dinnen ebenen Scheibe sind, wobei der resultier-
ende phasenverschiebende Gradient eine vor-
bestimmte Richtung aufweist.

11. Verfahren nach Anspruch 10, dadurch
gekennzeichnet, daRR der phasenangleichende
Gradient ein resultierender phasenangleich-
ender Gradient der vektoriellen Addition von
zwei zusammengesetzten phasenangleichenden
Gradienten ist, die aufeinander senkrecht stehen
und die coplanar zu der diinnen ebenen Scheibe
sind, wobei die zusammengesetzten phasen-
angleichenden Gradienten die gleichen ent-
sprechenden Richtungen innerhalb der dinnen
ebenen Scheibe wie die zusammengesetzten
phasenverschiebenden Gradienten haben, wobei
die zusammengesetzten phasenangleichenden
Gradienten derart gewéhlt sind, daf? der resultier-
ende phasenangleichende Gradient die gleiche
vorbestimmte Richtung hat wie der resultierende
phasenverschiebende Gradient.

12. Verfahren nach Anspruch 11, dadurch
gekennzeichnet, dal’ das Integral der Kurve des
resultierenden  phasenverschiebenden  Gra-
dienten in bezug auf die Zeit Gber dem ersten
Zeitintervall so gewdhit ist, dal’ es gleich dem
Integral der Kurve des resultierenden phasen-
angleichenden Gradienten in bezug auf die Zeit
Gber einem Zeitintervall ist, das gleich dem
Zeitintervall T, ist.

13. Verfahren nach Anspruch 12, dadurch
gekennzeichnet, dald der resultierende phasen-
angleichende Gradient so gewahlt ist, da’ er eine
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konstante Amplitude wahrend des Sammeins des
zusammengesetzten Magnetkernresonanzsignals
aufweist.

14. Verfahren nach Anspruch 13, dadurch
gekennzeichnet, daR die Folge der Schritte a—f
fur verschiedene Richtungen der resultierenden
phasenverschiebenden und phasenangleich-
enden Gradienten wiederholt wird, um inkre-
mental wenigstens einen 180°-Bogen innerhalb
der diinnen ebenen Scheibe zu berdecken.

15. Verfahren nach Anspruch 14, dadurch
gekennzeichnet, daR fur jede Richtung der
resultierenden phasenverschiebenden und
phasenangleichenden Gradienten die Folge der
Schritte a—f bei einer Wiederholungsperiode
zwischen 0,03 und 3 Sekunden wiederholt wird.

16. Verfahren nach Anspruch 15, dadurch
gekennzeichnet, dal3 die Wiederholungsperiode
so gewahlt ist, dal® sie zwischen etwa 0,1 und
etwa 1 Sekunde liegt.

17. Verfahren nach Anspruch 14, dadurch
gekennzeichnet, da® die Probe vor dem Schritt b
mit einem 180°-HF-Impuls fur etwa 0,03 bis etwa 3
Sekunden bestrahlt wird.

18. Verfahren nach Anspruch 17, dadurch
gekennzeichnet, dal3 die Folge der Schritte a—f
einschliel3flich der Bestrahlung der Probe mit
dem 180°-HF-Impuls vor dem Schritt b fiir jede
Richtung der resultierenden phasenverschieb-
enden und phasenangleichenden Gradienten mit
einer Wiederholungsperiode zwischen etwa 0,03
und etwa 3 Sekunden wiederholt wird.

19. Verfahren nach Anspruch 14, dadurch
gekennzeichnet, daf8 das vorbestimmte Zeit-
intervall T, zwischen dem frequenzselektiven HF-
Impuls in Schritt b und dem 180°-HF-impuls in
Schritt d aus einem Bereich zwischen etwa 2 und
etwa 1500 Millisekunden ausgewahlt ist.

20. Verfahren nach Anspruch 19, dadurch
gekennzeichnet, dall die Foige der Schritte a—f
einschiieRlich des Schrittes des Auswahlens des
Zeitintervalls T, flir jede Richtung der resultier-
enden phasenverschiebenden und phasen-
angleichenden Gradienten bei einer Wieder-
holungsperiode zwischen etwa 0,03 und etwa 3
Sekunden wiederholt wird.

21. Verfahren nach Anspruch 19, dadurch
gekennzeichnet, daR die Probe mit einem 180°-
HF-impuls zu einer Zeit zwischen etwa 0,03 und
etwa 3 Sekunden vor dem Schritt b bestrahit wird.

22. Verfahren nach Anspruch 21, dadurch
gekennzeichnet, dal die Folge der Schritte a—f
einschlieBlich des Schrittes der Bestrahlung der
Probe mit einem 180°-HF-Impuls vor dem Schritt
b fiir jede Richtung der resultierenden phasen-
verschiebenden und phasenangleichenden
Gradienten bei einer Wiederholungsperiode
zwischen 0,03 und 3 Sekunden wiederholt wird.

23. Verfahren nach Anspruch 8 oder 8, dadurch
gekennzeichnet, dal’l der phasenverschiebende
Gradient die Resultierende der vektoriellen Addi-
tion der ersten und zweiten, aufeinander
senkrecht stehenden Gradienten ist, die coplanar
mit der diinnen ebenen Scheibe sind, wobei der
erste Gradient amplitudenverstelibar ist fiir die
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phasencodierende Kernspininformation in seiner
Richtung.

24. Verfahren nach Anspruch 23, dadurch
gekennzeichnet, da3 der phasenangleichende
Gradient die gleiche Richtung wie der zweite
Gradient hat.

25. Verfahren nach Anspruch 24, dadurch
gekennzeichnet, da3 das Integral der Kurve des
zweiten Gradienten in bezug auf die Zeit (ber
dem ersten Intervall so gewéhlt ist, dal} es gleich
dem Integral der Kurve des phasenangleichenden
Gradienten in bezug auf die Zeit (ber einem
Zeitintervall ist, das gleich dem Zeitintervali 1, ist.

26. Verfahren nach Anspruch 25, dadurch
gekennzeichnet, dald der phasenangleichende
Gradient so gewahlt ist, dalB er wahrend des
Sammeins des zusammengesetzten Magnetkern-
resonanzsignals eine konstante Amplitude hat.

27. Verfahren nach Anspruch 26, dadurch
gekennzeichnet, dal3 die Foige der Schritte a—f
fir eine unterschiedliche Amplitude des ersten
Gradienten wiederholt wird.

28. Verfahren nach Anspruch 27, dadurch
gekennzeichnet, daf3 die Folge der Schritte a—f
fiir jede Amplitude des ersten Gradienten bei
einer Wiederholungsperiode zwischen etwa 0,3
und etwa 3 Sekunden wiederholt wird,

29. Verfahren nach Anspruch 28, dadurch
gekennzeichnet, da3 die Wiederholungsperiode
zwischen etwa 0,1 und etwa 1 Sekunde liegt.

30. Verfahren nach Anspruch 27, dadurch
gekennzeichnet, daf3 die Probe zu einer Zeit
zwischen etwa 0,03 und etwa 3 Sekunden vor
dem Schritt b mit einem 180°-HF-Impuls bestrahlt
wird.

31. Verfahren nach Anspruch 30, dadurch
gekennzeichnet, dald die Foige der Schritte a—f
einschlieBlich der Bestrahlung der Probe mit dem
180°-HF-Impuls vor dem Schritt b fir jede
Amplitude des ersten Gradienten bei einer
Wiederholungsperiode zwischen etwa 0,03 und
etwa 3 Sekunden wiederholt wird.

32. Verfahren nach Anspruch 27, dadurch
gekennzeichnet, dall das vorbestimmie Zeit-
intervall T, zwischen dem frequenzselektiven HF-
Impuls im Schritt b und dem 180°-HF-Impuls im
Schritt d aus einem Bereich zwischen etwa 2 und
etwa 1500 Millisekunden ausgewahlt ist.

33. Verfahren nach Anspruch 32, dadurch
gekennzeichnet, dafy die Folge der Schritte a—f
einschlief3lich des Schrittes des Wahlens des
Zeitintervalles 1, fir jede Amplitude des ersten
Gradienten bei einer Wiederholungsperiode
zwischen etwa 0,03 und etwa 3 Sekunden
wiederholt wird.

34. Verfahren nach Anspruch 32, dadurch
gekennzeichnet, daf3 zu einer Zeit zwischen etwa
0,03 und etwa 3 Sekunden vor dem Schritt b die
Probe mit einem 180°-HF-Impuls bestrahlt wird.

35. Verfahren nach Anspruch 34, dadurch
gekennzeichnet, dal? die Folge der Schritte a—f
einschlieBlich des Schrittes der Bestrahlung der
Probe mit einem 180°-HF-Impuls vor dem Schritt
b fir jede Amplitude des ersten Gradienten bei
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einer Wiederholungsperiode zwischen 0,03 und 3
Sekunden wiederholt wird.

Revendications

1. Procédé de formation d'image par RMN qui
pallie les effets de I'inhomogénéité inhérente du
champ magnétique statique sur la formation
d'écho de spin nucléaire comprenant les étapes
suivantes: 10

a. maintenir un champ magnétique statique le
fong d'un premier axe d'un échantillon;

b. irradier 'échantilion par une impulsion RF
sélective en fréquence de facon & exciter une
pluralité de spins nucléaires dans une région 15
prédéterminée de 1"échantillon;

c. appliguer, pendant une premier intervalle de
temps prédéterminé (q,) au moins un gradient de
champ magnétique de déphasage selon un
second axe de I'échantilion pour déphaser les 20
spins nucléaires excités, ce déphasage étant
additif par rapport au déphasage des spins
nucléaires induit par les inhomogénéités
inhérentes du champ magnétique statique;

d. irradier l'échantilion pendant un second 25
intervaile de temps prédéterminé (qs) aprés
I'écoulement d'un intervalle de temps
prédéterminé 1, aprés I'apparition principle de
I'impulsion RF sélective en fréquence, par une
impulsion RF a 180° de fagon a provoquer la 30
remise en phase des spins nucléaires excités;

e. appliguer pendant un troisiéme intervalle de
temps prédéterminé (q,) faisant suite au second
intervalle de temps (q;), au moins un gradient de
remise en phase ayant la méme direction que le 35
gradient de déphasage de sorte que, aprés un
intervalle de temps égal audit intervalle T, suivant
I'impulsion RF a 180° I'écho de spin nucléaire
provoqué par la remise en phase des spins
nucléaires déphasés par le gradient de déphasage 40
coincide avec I'apparition de |'écho de spin
nucléaire provenant de la remise en phase des
spins nucléaires déphasés par les inhomo-
généités inhérentes du champ magnétique
statique, les échos de spins nucléaires produisant 45
un signal composite RMN; et

f. recueillir le signal composite RMN.

2. Procédé selon la revendication 1, dans lequel
ladite impulsion RF sélective en fréquence
comprend une porteuse modulée en amplitude 50
par une gaussienne.

3. Procédé selon la revendication 1, caractérisé --
en ce que lesdites impuisions RF sélectives en
fréquence comprennent une porteuse modulée
par (sin bt)/bt, ol b est une constante et t est le
temps.

4. Procédé selon I'une des revendications 1, 2
ou 3, dans lequel ladite impulision RF sélective
comprend une impulsion RF sélective a 90°.

55

5. Procédé selon la revendication 4, dans lequel
le gradient de champ magnétique de déphasage
comprend une impulsion dépendante du temps
de forme rectangulaire.

6. Procédé selon la revendication 4, dans lequel 65
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le gradient de champ magnétique de déphasage
comprend une alternance de sinusoide.

7. Procédé selon la revendication 4, dans lequel
le gradient de champ magnétique de déphasage
comprend une impulsion dépendante du temps
de forme gaussienne.

8. Procédé selon la revendication 1, dans {equel
la région prédéterminée des spins nucléaires
excités comprend une mince tranche plane.

9. Procédé selon la revendication 8, dans lequel
la mince tranche piane est située de fagon ortho-
gonale audit premier axe de |’échantilion.

10. Procédé selon I'une des revendications 8 ou
9, dans lequel le gradient de déphasage est un
gradient de déphasage résultant de |‘addition
vectorielle de deux gradients de déphasage
constituants qui sont mutuellement orthogonaux
et qui sont coplanaire avec ladite mince tranche
plane, le gradient de déphasage résultant ayant
une direction prédéterminée.

11. Procédé selon la revendication 10, dans
lequel le gradient de remise en phase est un
gradient de remise en phase résultant de
I’addition vectorielle de deux gradients de remise
en phase constituants qui sont mutuellement
orthogonaux et qui sont coplanaires a ladite
mince tranche plane, lesdits gradients de remise
en phase constituants ayant les mémes directions
respectives dans ladite mince trache plane que les
gradients de déphasage constituants, lesdits
gradients de remise en phase constituants étant
choisis de sorte que ledit gradient de remise en
phase résultant présente la méme direction
prédéterminée que ledit gradient de déphasage
résultant.

12. Procédé selon la revendication 11, dans
lequel l'intégrale de la forme d'onde du gradient
de déphasage résultant par rapport au temps
pendant le premier intervalle de temps est choisie
égale a l'intégrale de la forme d'onde du gradient
de remise en phase résultant par rapport au
temps pendant un intervalle de temps égal audit
intervalle de temps T,.

13. Procédé selon la revendication 12, dans
lequel le gradient de remise en phase résultant
est choisi pour présenter une amplitude
constante pendant I'étape de recueil du signal
RMN composite.

14. Procédé selon la revendication 13, compre-
nant en outre |'étape consistant a répéter la
séquence d'étapes a—f pour des directions
différentes des gradients résultants de déphasage
et de remise en phase de fagon a couvrir, par
incréments, au moins un arc de 180° dans la
mince tranche plane.

15. Procédé selon la revendication 14, compre-
nant en outre les étapes consistant a répéter pour
chaque direction des gradients de déphasage et
de remise en phase résultant la séquence
d'étapes a—f selon une période de répétition
comprise entre 0,03 et 3 secondes.

16. Procédé selon la revendication 15, dans
lequel ladite période de répétition est choisie pour
étre comprise entre environ 0,1 et environ 1
seconde.
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17. Procédé selon la revendication 14,
comprenant en outre I'étape consistant a irradier
I"échantillon par une impulsion RF & 180°, environ
0,03 & 3 secondes avant l'étape (b).

18. Procédé selon la revendication 17, compre-
nant en outre I'étape consistant 3 répéter la
séquence d'étapes a—f, incluant l'irradiation de
[‘échantillon par limpulsion RF a 180° avant
I'étape (b), pour chaque direction des gradients
de déphasage et de remise en phase résultant,
selon une période de répétition comprise entre
environ 0,03 et environ 3 secondes. -

19. Procédé selon la revendication 14, dans
lequel I'intervalle de temps prédéterminé 1, entre
Iimpulsion RF sélective en fréquence de |'étape
{b) et I'impulsion RF a 180° de |'étape (d) est choisi
dans une gamme comprise entre environ 2 et
environ 1500 millisecondes.

20. Procédé selon la revendication 19, compre-
nant en outre |'étape consistant a répéter ladite
séquence d'étapes a—f, incluant ladite étape de
sélection de l'intervalle de temps T1,, pour chaque
direction des gradients de déphasage et de
remis en phase résultants selon une période de
répétition comprise entre environ 0,03 et environ
3 secondes.

21. Procédé selon la revendication 19, compre-
nant en outre I'étape consistant a irradier
I’échantillon par une impulsion RF a 180° & un
instant compris entre environ 0,03 et environ 3
secondes avant |'étape (b).

22. Procédé selon la revendication 21, compre-
nant en outre |'étape consistant a répéter la
séquence d'étapes a—f, comprenant |'étape con-
sistant a irradier |'échantillon par une impulision
RF & 180° avant |’étape (b), pour chaque direction
des gradients de déphasage et de remise en
phase résultants a2 une période de répétition
comprise entre 0,03 et 3 secondes.

23. Procédé selon I'une des revendications 8 ou
9, dans lequel le gradient de déphasage est la
résultante de l'addition vectorielle de premier et
second gradients mutuellement orthogonaux qui
sont coplanaires avec la mince tranche plane,
ledit premier gradient étant réglable en amplitude
pour coder en phase les informations de spins
nucléaires dans sa direction.

24. Procédé selon la revendication 23, carac-
térisé en ce que le gradient de remise en phase a
la méme direction que ledit second gradient.

25. Procédé selon la revendication 24, dans
lequel l'intégrale de la forme d'onde du second
gradient en fonction du temps pendant le premier
intervalle de temps est choisie égale a l'intégrale
de la forme d’onde dudit gradient de remise en
phase en fonction du temps sur un intervalle de
temps égal audit intervalle de temps T..
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26. Procédé selon la revendication 25, dans
lequel ledit gradient de remise en phase est choisi
pour avoir des amplitudes constantes pendant
I'étape de recueil du signal RMN composite.

27. Procédé selon la revendication 26, compre-
nant en outre |'étape consistant & répéter la
séquence d'étapes a—f pour une amplitude
différente dudit premier gradient.

28. Procédé selon la revendication 27, compre-
nant en outre |'étape consistant & répéter la
séquence d'étapes a—f pour chaque amplitude
dudit premier gradient 4 une période de répétition
comprise entre environ 0,3 et environ 3 secondes.

29. Procédé selon la revendication 28, dans
lequel la période de répétition est choisie pour
&tre comprise entre environ 0,1 et environ 1
seconde.

30. Procédé selon la revendication 27, compre-
nant en outre ['étape consistant a irradier
I'échantillon par une impulsion RF a 180° a un
instant compris entre environ 0,03 et environ 3
secondes avant |'étape (b).

31. Procédé selon la revendication 30, compre-
nant en outre |'étape consistant a répéter la
séquence d’étapes a—f, y compris |'irradiation de
’échantillon par l'impulsion RF a 180° avant
I"étape (b), pour chaque amplitude dudit premier
gradient a une période de répétition comprise
entre environ 0,03 et environ 3 secondes.

32. Procédé selon la revendication 27, carac-
térisé en ce que ledit intervalle de temps
prédéterminé 1, entre I'impulsion RF sélective en
fréquence de |'étape (b) et I'impulsion RF a 180°
de ['étape (d) est choisi dans une gamme
comprise entre environ 2 et environ 1500 milli-
secondes.

33. Procédé seion la revendication 32, compre-
nant en outre |'étape consistant a répéter la
séquence d’étapes a—f, y compris |'étape de
sélection de I'intervalle de temps 1,, pour chaque
amplitude du premier gradient a une période de
répétition comprise entre environ 0,03 et environ
3 secondes.

34. Procédé selon la revendication 32, compre-
nant en outire |'étape consistant a irradier
I'échantillon par une impulsion RF & 180° a un
instant compris entre environ 0,03 et environ 3
secondes avant l'étape (b).

35. Procédé selon la revendication 34, compre-
nant en ouire l'étape consistant a répéter la
séquence d‘étapes a—f, incluant |’étape d’irradia-
tion de I"échantillon par une impulsion RF & 180°
avant |'étape (b) pour chaque amplitude dudit
premier gradient a une période de répétition
comprise entre 0,03 et 3 secondes.
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